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Introduction
The gastrointestinal (GI) tract of fish is a complex ecosystem that harbors an estimated 10 7 -10 8 colony-forming units (CFU) g À1 (P erez et al., 2010) . The activity and composition of the GI microbiome is affected by host genome, lifestyle and dietary preferences. During the co-development of the GI microbiome and the host, the microbial community plays an important role in host physiology, nutrition and health, such as feed digestion, normal development of the gut-associated lymphoid tissue (GALT), homeostasis, regulation of intestinal immune response, and protection against pathogenic challenges (Ley et al., 2008; P erez et al., 2010; Nicholson et al., 2012; Wu et al., 2012a) . The last decade has seen a growing interest in two special groups of GI microbiome: probiotics and pathogenic bacteria (Vine et al., 2004; Hazen et al., 2010; Lazado et al., 2010; P erez-S anchez et al., 2011) . Probiotics is thought to produce a positive effect on the induction or restoration of a disturbed microbiota to its normal beneficial composition (P erez et al., 2010) . Most pathogenic bacteria in fish are opportunistic bacterial pathogens (Wu et al., 2010 (Wu et al., , 2012a . The overgrowth of these pathogens may disturb the GI microbiome and cause diseases in host (Wu et al., 2012b) . The stability of the bacterial community in the GI tract is an extremely important factor in the natural resistance of fish to infections produced by bacterial pathogens (Ringø et al., 2003) . Uncovering the taxonomic and functional profiling within the fish GI microbiome is of great importance to find out the potential probiotics, pathogenic bacteria and other microorganisms that have a profound influence on the host physiology and health (Wu et al., 2010; Lamendella et al., 2011) .
To date, most knowledge in relation to the normal GI microbiome of fish was based on the use of culture-dependent and 16S rRNA gene-based methods. The bacterial community of freshwater or marine fish GI tract seemed to be dominated by Proteobacteria and Firmicutes (Blanch et al., 2009; Smriga et al., 2010) . Several special groups, such as probiotics, pathogens and cellulose-decomposing bacteria, were also isolated from various freshwater or marine fish species (Vine et al., 2004; Lazado et al., 2010; P erez-S anchez et al., 2011; Wu et al., 2012a) . Additionally, Sanchez et al. (2012) demonstrated that the fish gut microbiome could be used as a new source for the discovery of natural products. However, few studies focused on the functional capacity of the fish GI microbiome.
Metagenomics can not only be used to reflect the complexity of bacterial community in GI tract, but it can also be applied to uncover the functional capacity of GI microbiome. Recently, a great many genes associated with common disorders, such as inflammatory bowel diseases, obesity, diabetes and atopic diseases, have been identified in human or mouse gut metagenomes (Maccaferri et al., 2011) . Comparative metagenomics revealed that the gut metagenomes of farmed animals, such as swine and chicken, harbored an abundant and diverse array of horizontal gene transfer mechanisms (Qu et al., 2008; Lamendella et al., 2011) . However, only limited information about the metagenomic analysis of fish GI microbiome was available.
Turbot (Scophthalmus maximus), native to Europe, is a species of farmed flatfish with a high economic value. In Europe, the aquaculture production of turbot was 9142 metric tons (MT) in 2009, which was the highest among flatfishes, and it was predicted to double in size by 2014 (Cerd a & Manchado, 2013) . This species was introduced to China in the 1990s, reaching an annual level of 50 000-60 000 tons in recent years (Pereiro et al., 2012) . However, with the rapid development of aquaculture, disease problems, especially bacterial diseases, have become increasingly prominent, which has led to considerable mortality and consequently economic loss. Thus, elucidating the taxonomic diversity and metabolic potential of turbot GI microbiome is beneficial for the health and productivity of this important aquaculture species.
Previous studies of turbot GI microbiome mainly used turbot larvae or juveniles as samples and focused on specific bacterial groups, such as pathogens and probiotics (Montes et al., 2006; Planas et al., 2006) . The taxonomic composition and functional content of farmed adult turbot GI microbiome has not been studied by metagenomics. In this study, metagenomics combined with 16S rRNA gene sequence analyses was applied to: (1) characterize the taxonomic distribution and metabolic potential of farmed adult turbot GI microbiome, (2) clarify the bacterial diversity in different regions of turbot GI tract, and (3) reveal the relationship between the turbot GI microbiome and its surrounding environment. The results could reflect the unique bacterial distribution and functional capacity of the GI microbiome in a farmed marine fish species (turbot) and provide a molecular and biological basis for further understanding the functional elements in relation to turbot health.
Materials and methods

Sample collection
Ten adult turbot (S. maximus) and seawater samples were collected at a commercial farm in Qingdao, China, in October 2011. The fishes were raised in tanks connected to a separate system of recirculating seawater that was continuously filtered and aerated. They were fed to satiation twice a day (08:00 and 15:00 h) with commercial food which mainly contained 52% crude protein, 12% crude fat and 2.5% amino acid. In this study, the fishes with an average weight of c. 700 g were chosen at random. They were fed in the morning and euthanized 6 h later through a washrag soaked with MS-222 (Wu et al., 2012a) . Under sterile conditions, the gastrointestinal tracts were removed, and the stomach, foregut (from the pyloric ceca to the middle of the intestine), hindgut (distal half of the intestine) and rectum samples were dissected. The content of each digestive segment was gently squeezed out and collected separately (Schrijver & Ollevier, 2000) . The mucus of each segment was collected as previously described (P erez-S anchez et al., 2011). Additionally, a seawater sample was taken at a depth of 50 cm to the water surface in tanks. Bacteria in the seawater sample were collected by filtration of 4 L of seawater onto 0.2-lm pore size filter (Pall, Lane Cove, Australia) (Wu et al., 2012a) . All the samples were transported to the laboratory within 8 h and stored at À80°C until further processing.
Metagenomics analysis: DNA extraction, Illumina-sequencing and assembly Genomic DNA was extracted from gastrointestinal tract samples of four individuals using a QiAamp DNA stool Mini Kit (Qiagen, Germany). The gastrointestinal tract samples included all contents and mucus of turbot GI tract. A total of 15 lg of pooled genomic DNA were sequenced using the Illumina Hiseq 2000 sequencing platform and Hiseq paired-end cluster generation kit (Illumina). The raw short reads with a length of 2 9 98 bp were assembled into long contig sequences using VELVET software (Zerbino & Birney, 2008) . N50 length was used to assess the assembly quality. The MG-RAST ID and IMG/ M-ER Taxon Object ID for the turbot GI metagenome are 4 487 592.3 and 3 300 000 349, respectively.
Taxonomic analysis and gene annotation
The metagenomic dataset (assembled contigs) retrieved from the turbot GI microbiome was annotated via the MG-RAST pipeline version 3.2.3 (http://metagenomics.anl. gov/) (Meyer et al., 2008) and IMG/M ER annotation pipeline (http://img.jgi.doe.gov/cgi-bin/m/main.cgi), a datamanagement and analysis platform for genomic and metagenomic data based on IMG (Markowitz et al., 2012) . The taxonomic analysis was assigned by matching metagenomic sequences to SEED database (Overbeek et al., 2005) within MG-RAST using the BLASTX algorithm (e-value < 10 À5 and a sequence match length > 30 nucleotides).
Within MG-RAST, sequences were assigned to SEED Subsystems database (e-value < 10 À5 and a sequence match length > 30 nucleotides) for functional analysis. Gene annotation for assembled contigs could also be accessed through the IMG/M ER pipeline using the proxygene method (Dalevi et al., 2008) .
Comparative metagenomics and statistical analyses
The turbot metagenomic dataset was compared to nine gut metagenomes available within the MG-RAST pipeline. (Parks & Beiko, 2010 ) was used to conduct Fisher's exact test with the Storey's FDR correction applied to identify statistically significant and biologically meaningful differences between the turbot GI metagenome and other gut metagenomes.
DNA extraction, 16S rRNA clone library construction, and restriction fragment length polymorphism (RFLP)
Genomic DNA was extracted from nine samples (contents and mucus of digestive segments, and filters from 4 L of seawater) of six individuals using a QiAamp DNA stool Mini Kit (Qiagen). For each sample, DNA was extracted in duplicate to avoid bias and eluted in a final volume of 90 lL using elution buffer and then stored at À20°C (Zhu et al., 2011; Wu et al., 2012a) . The PCRs were carried out in septuplicate 25-lL reactions with 50-80 ng of bacterial DNA, 2.5 lL 109 PCR buffer, 2 lL 10 mM dNTP, 0.2 lL Taq polymerase (Takara, Japan), 19.8 lL ddH 2 O, 0.5 lL 10 lM Bact 27F (5′-AGAGTTTGATCCT GGCTCAG-3′) and Bact 1492R (5′-GGTTACCTTGT TACGACTT-3′). The amplification program consisted of an initial denaturation step at 95°C for 5 min, followed by 34 cycles of 95°C for 30 s, 55°C for 45 s, and 72°C for 90 s, and a final extension period of 10 min at 72°C. Replicate PCR products were pooled and purified with a DNA purification kit (Axygen). Purified amplicons were cloned into PMD18-T vector (Takara) and transformed into Trans5a (Tiangen, China). About 200-300 positive colonies from each sample were chosen by chance. Products of the 27F-1492R 16S rRNA gene PCR amplification were digested with the restriction endonucleases BsuRI and Hin6I (Fermentas, Canada). The same RFLP patterns were clustered into operational taxonomic units (OTUs). Three clones of each OTU were chosen at random and plasmid inserts were sequenced bidirectionally using 3730XL DNA Analyzer (ABI, UK) and vector-specific primers (M13F: 5′-GTAAAACGACGGCCAG-3′; M13R: 5′-CAGGAAACAGCTATGAC-3′). Bidirectional sequences were assembled with DNAStar and trimmed to remove vector and low-quality sequences using the PhredPhrap script. Chimeras were removed using BELLEROPHON software (Huber et al., 2004; Zhu et al., 2011) , implemented at the Greengenes Web site (http://greengenes.lbl.gov) (DeSantis et al., 2006) . The 16S rRNA gene sequences which passed the quality and chimera filters were used in the subsequent analyses. Each representative sequence of OTUs was submitted to GenBank and granted an accession number.
Statistical and bioinformatics analysis
Taxonomy was assigned to each OTU using the Ribosomal Database Project (RDP) classifier with a minimum threshold of 80% (Cole et al., 2007; Pope et al., 2012) and BLAST method. The representative sequence for each OTU with < 95% identity to any sequence in GenBank database was defined as a previously undescribed OTU (Zhu et al., 2011 ). Good's coverage for each library was determined using the formula [1 -(n/N)] 9 100, where n is the number of species represented by one clone and N is the total number of sequences (Good, 1953) . DOTUR was used to describe species diversity with a threshold of 97%. The richness indices included Chao1, the abundance-based coverage (ACE) and interpolated jackknife, and the diversity indices contained the Shannon-Weaver diversity index and Simpson reciprocal diversity (Schloss & Handelsman, 2005) .
Results
Sequence generation
Whole community microbial DNA from GI tract samples of turbot was sequenced and yielded 12 Gb paired-end reads, making this study the first metagenomic survey of marine fish gut. A proportion of the reads could be assembled into 33 998 contigs with an average fragment length of 513 bp (Table 1) . A total of 2150 positive clones were picked from the nine 16S rRNA clone libraries (seawater, content and mucus of turbot stomach, foregut, hindgut, and rectum) and 95 OTUs (included 80 OTUs from the turbot GI tract) were obtained through RFLP analysis. These nearfull-length sequences (OTUs) were assigned to eight different phyla or groups (Supporting Information, Table  S1 ) and were deposited into the GenBank database with accession numbers KC120607-KC120701. Each of the 16S rRNA clone libraries contained 216-262 positive clones, with OTUs ranging from 7 to 43. Good's coverage estimations revealed that 84.6-88.6% of species were obtained in all of the nine samples. The diversity indices showed that stomach mucus and seawater communities appeared to have higher richness than other communities, whereas the rectum content and mucus communities appeared to have lower richness than other communities (Table 2) .
Turbot GI microbiome taxonomy and comparison
The metagenomic dataset of adult turbot GI tract was dominated by Proteobacteria and Firmicutes, with the remainder belonging to the phyla Tenericutes, Bacteroidetes, Actinobacteria, Cyanobacteria, Ascomycota and Fusobacteria (Fig. 1a) . Archaeal, eukaryotic and viral sequences accounted for < 1% of the total number of metagenomic sequences. The low proportion of these domains was commonly observed in gut metagenomes. A closer look at the taxonomic distribution of the bacterial orders derived from the turbot GI metagenome revealed that Vibrionales (83.4%), Alteromonadales (2.8%) and Enterobacteriales (2.6%) were the three most abundant bacterial groups (Supporting Information, Fig. S1A ). At the genus-level taxonomic resolution, Vibrio and Photobacterium were the two dominated genera, accounting for 72% and 7.4% of turbot GI metagenomic sequences, respectively (Fig. S1B ). Among them, Vibrio was mainly made up of four species, Vibrio vulnificus, Vibrio cholerae, Vibrio parahaemolyticus and Vibrio harveyi (Fig. S1C) .
RFLP analysis was used to identify the bacterial diversity in different regions of farmed adult turbot GI tract (content and mucus of stomach, foregut, hindgut, and rectum). The results revealed that the foregut content library contained the maximum number of phyla (n = 6), whereas the rectum content library showed simple diversity (n = 1). Proteobacteria and Firmicutes were dominant in all eight gastrointestinal libraries except the rectum content library, in which only Proteobacteria was abundant. Firmicutes was more abundant in rectum mucus than other parts of turbot GI microbiome. Cyanobacteria was only found in the stomach and foregut, Bacteroidetes was detected in the stomach mucus, foregut content and rectum, and Tenericutes was only found in the foregut mucus and hindgut (Fig. 2) . Additionally, comparing the bacterial diversity between GI content and mucus revealed that Actinobacteria only existed in the stomach and foregut content and was not found in any parts of GI mucus (Fig. S2) . A Venn diagram showed that the 42 OTUs shared between the GI content and mucus libraries (Fig. 3) , i.e. 77.8% and 63.6% of the OTUs were present in the GI content and mucus libraries, respectively. The most abundant bacterial group shared by the two libraries was Vibrio (55.1% and 22.9% clones of the GI content and mucus libraries, respectively). To clarify the relationship between the bacterial communities in the farmed adult turbot GI tract and its surrounding environment, a seawater sample was used to construct the 16S rRNA clone library and the OTUs were also determined by RFLP analysis. The results showed that 22 OTUs were shared by the turbot GI libraries (content and mucus) and the seawater library (Fig. 3,  Table 3 ), i.e. 28.2% of the OTUs in the turbot GI libraries were present in the seawater library. These OTUs mainly belonged to Proteobacteria, Firmicutes and Bacteroidetes phyla. Among them, Vibrio was more abundant in turbot GI libraries (18.9% clones) than in the seawater library (0.87% clones), whereas Exiguobacterium and Acinetobacter were more abundant in the seawater library (26.1% and 19.1% clones, respectively) compared with turbot GI libraries (0.21% and 0.47% clones, respectively). In addition, the OTUs common to the five libraries accounted for 28.3%, 32.5%, 28.5%, 28.7% and 76.4% of the clones in the stomach, foregut, hindgut, rectum and seawater libraries, respectively (Table 3) .
The diversity of the farmed adult turbot GI microbiome was compared with nine gut microbiomes publicly available on the MG-RAST server, including gut microbiomes of human, mouse, termite, cow, chicken, canine and freshwater fish (hybrid striped bass, HSB). The distribution of bacterial phyla from the turbot GI tract appeared closest to that of human infant and freshwater fish (HSB) gut, sharing more similar proportions of Proteobacteria and Firmicutes (Fig. S3) . A statistical analysis comparing taxonomic distribution between hosts revealed that the turbot GI microbiome harbored significantly more Gammaproteobacteria and Mollicutes (P < 0.05) than other gut microbiomes (Fig. 4, Table S2 ). However, the freshwater fish (HSB) gut microbiome had significantly higher abundances of Betaproteobacteria, Alphaproteobacteria and Bacilli (P < 0.05) than did the turbot GI microbiome (Fig. S4A) .
Among the Gammaproteobacteria, the turbot GI microbiome was over-represented in Vibrionales and under-represented in Enterobacteriales and Pseudomonadales (P < 0.05) as compared with freshwater fish (HSB) gut microbiome (Fig. S4B) . Within the Vibrionales, the turbot GI microbiome also harbored significantly more Vibrio, Photobacterium and Aliivibrio than the HSB gut microbiome (Fig. S4C) .
Functional classification of the turbot gut metagenome
In this study, both the MG-RAST and IMG/M ER annotation pipelines were used to predict the metabolic potential of the turbot GI microbiome. The clustering-based subsystem was the most abundant SEED subsystem (MG-RAST annotation pipeline) accounting for 15.9% of turbot GI metagenome. The genes coding for core metabolic functions including carbohydrate metabolism (9.9%), protein metabolism (8.5%), amino acids and derivatives (7.3%), cofactors, vitamins, prosthetic groups, pigments (6.2%) and RNA metabolism (5.5%) were also abundant in the metagenome. Carbohydrates metabolism was made up of 25.4% central carbohydrate metabolism, 10% onecarbon metabolism, 9.7% amino sugars and 9.3% sugar utilization in Thermotogales. When turbot GI metagenome was annotated using the proxygen method within the IMG/M ER pipeline, about 50% and 41.7% of turbot GI metagenomic sequences were assigned to COG clusters and Pfam clusters, respectively. The transcriptional regulator was the most abundant COG (10%), followed by cation/multidrug efflux pump (9.7%) and FOG: GGDEF domain (8%). Within Pfam clusters, ABC transporter, LysR substrate binding domain, and response regulator receiver domain were abundant, accounting for 6%, 5.8% and 5.7%, respectively.
Comparative gut metagenomics
The metabolic potential of the turbot GI metagenome was compared with nine gut metagenomes publicly available on the MG-RAST server (human, mouse, termite, cow, chicken, canine and freshwater fish). A heatmap showed that the turbot GI metagenome clustered most closely with freshwater fish gut metagenome (HSB), with termite gut metagenome also clustering near the turbot GI metagenome (Fig. 5) . Pairwise comparisons of each gut metagenome with the turbot GI metagenome revealed that the regulation and cell signaling subsystems were significantly overabundant in the turbot GI metagenome (Fig. 5, Fig. S5 ). Within this subsystem, quorum sensing and biofilm formation were also over-represented (Fig. 6a) . Additionally, fatty acids, lipids and isoprenoid subsystem were overabundant in the turbot GI metagenome as compared with other gut metagenomes except human infant metagenome. Both turbot GI and freshwater fish (HSB) gut metagenomes harbored more abundant genes within stress response, membrane transport, nitrogen metabolism, and metabolism of aromatic compounds subsystems than other gut metagenomes (Fig. 5, Fig. S5 ).
Since both HSB and turbot are farmed fish species, it is worth characterizing the differences in metabolic potential between the two samples. The results revealed a total of 22 significant differences between turbot GI metagenome and HSB gut metagenome. Among them, the turbot GI metagenome was over-represented with regard to 11 subsystems including protein metabolism, RNA metabolism, cell wall and capsule, and iron acquisition and metabolism, and under-represented with respect to 11 subsystems including virulence, disease and defense, metabolism of aromatic compounds, carbohydrates, and nitrogen metabolism (Fig. S5A ).
Discussion Turbot GI microbiome taxonomy
The metagenomics combined with 16S rRNA gene sequence analyses was used to reveal taxonomic distribution of farmed adult turbot GI microbiome in this study. The results obtained with the two methods were similar, with c. 95% sequences assigned to the Proteobacteria and Firmicutes (Fig. 1) . Previously, Proteobacteria and Firmicutes were also observed as dominant in the digestive tract of many marine or freshwater fish species (Smriga et al., 2010; Wu et al., 2010 Wu et al., , 2012a . Noteworthy contrasts between the two approaches included: (1) the absence of 16S rRNA gene sequences (OTUs) belonged to the phyla Ascomycota and Fusobacteria, which accounted for 0.2% and 0.1% contigs in the metagenomics analysis, respectively, and (2) the lower percentage of OTUs that belonged to Proteobacteria (Fig. 1) . McDonald et al. (2012) demonstrated that PCR-based techniques were subject to some biases, such as primer bias, starting template concentration, and ligation efficiencies, which hampered quantitative analysis. A limited number of positive clones (ranging from 216 to 262 clones) were picked from the 16S rRNA clone libraries of turbot GI tract and only 80 OTUs were obtained by RFLP analysis, which was far less than the number of metagenomic sequences (33 998 contigs). Thus, some bacterial groups in the turbot GI microbiome may be missed by 16S rRNA gene sequence analyses, especially the groups with low abundance. Pope et al. (2012) also found two differences between two methods (metagenomics and 16S rRNA gene amplicon pyrosequencing analysis) which were used to reveal the taxonomic distribution of the reindeer rumen microbiome. These could explain both inconsistencies, at least in part.
Gammaproteobacteria and Mollicutes were overabundant in turbot GI microbiome (Fig. 4, Table S1 ). Among them, members of Vibrio and Mycoplasma were dominant. To date, Vibrio was mainly isolated from turbot skin, larval turbot gut and turbot-associated seawater (Montes et al., 2003 (Montes et al., , 2006 Cerd a-Cu ellar & Blanch, 2004) . Many surveys also demonstrated that Vibrio was dominant in marine fish gut (Blanch et al., 2009; Smriga et al., 2010) . In this study, this genus was observed in all parts of turbot GI tract, especially in rectum content (Fig.  S6) . Within Vibrio, the four main species, V. vulnificus, V. cholerae, V. parahaemolyticus and V. harveyi, were recognized as potential pathogens responsible for many fish diseases (Thompson et al., 2004; Sun et al., 2009; Senderovich et al., 2010) . This finding supported the report that the fish digestive tract was a reservoir for many opportunistic pathogens (Wu et al., 2012a) . This was the first study demonstrating the presence of Mycoplasma in turbot GI tract. Mycoplasmas were widely distributed, being the smallest forms of host-specific, commensal bacteria colonizing a wide range from plants to humans (Pawar et al., 2012) . Bano et al. (2007) demonstrated that some members of Mycoplasmas were dominant in the gut of the Long-Jawed Mudsucker (Gillichthys mirabilis), a marine fish. In addition, some Mycoplasmas were known to be pathogens, but many species appeared to be simply part of the natural microflora of their hosts and had no harmful effects on the hosts (Roediger & Macfarlane, 2002; Bano et al., 2007) . The functions of Mycoplasma in turbot GI tract need to be investigated further.
The turbot gastrointestinal tract is made up of stomach, foregut, hindgut and rectum. Thus, it may be expected that the taxonomic composition of various parts of turbot GI community would also be different, showing regional specialization. The diversity indices showed that the stomach community had the highest diversity of OTUs and bacterial community diversity decreased along the turbot GI tract (from stomach to rectum) ( Table 2) . This finding was in accordance with a previous study regarding the bacterial community diversity of the GI tract in a marine wood-eating fish (McDonald et al., 2012) . However, Moran et al. (2005) demonstrated that bacterial diversity was higher in posterior gut sections than anterior gut sections of marine herbivorous fish Kyphosus sydneyanus. Navarrete et al. (2009) demonstrated that bacterial composition in the gut of juvenile Atlantic salmon was similar. According to these surveys, the bacterial diversity of the different gastrointestinal regions may be affected by diet, pH along the GI tract, or autochthonous communities.
In this study, both the turbot GI tract and its surrounding environment (seawater) were dominated by Proteobacteria and Firmicutes. A Venn diagram showed that the average percent of OTUs which each part of turbot GI libraries shared with seawater library was 29.45%. About 45% of shared OTUs existed exclusively in the turbot GI mucus libraries (Table 3) . Additionally, Vibrio, which was dominant in turbot GI libraries, was also found in the seawater library. Exiguobacterium and Acinetobacter which were dominant in the seawater library also existed in turbot GI libraries. These results were in accordance with those of Navarrete et al. (2009) , who suggested that the fish digestive tract was a favorable habitat for harboring some bacteria that may be derived from minor bacteria present in the rearing water.
Potential functions of turbot GI metagenome
Quorum sensing and biofilm formation were significantly overabundant in the turbot GI metagenome as compared with other gut metagenomes (Fig. 6a, Fig.  S5 ). Previously, the regulatory process (quorum sensing and c-di-GMP signaling pathways) which controlled the expression of virulence genes and biofilm formation had been detected from many species of Vibrio genus, such as V. vulnificus, V. cholerae, V. parahaemolyticus, V. harveyi and Vibrio fischeri (Yildiz & Visick, 2009; Dickschat, 2010) . In this study, 61% of assigned contigs that matched transcriptional regulators in the expression of virulence genes and quorum sensing signaling pathway, such as HapR and Lux genes, were found in species within Vibrio, including V. vulnificus, V. cholerae and V. parahaemolyticus. The putative genes coding for GGDEF and EAL domain which participated in c-di-GMP signaling pathway were retrieved using IMG/M annotation pipeline, and 248 of 351 genes were also assigned to these species. As the frequency of genes encoding a particular function is usually associated with its relative importance in an environment (Qu et al., 2008) , the expression of these genes within quorum sensing and biofilm formation seems to be very important for turbot health. Vibrio was a dominant group of opportunistic pathogens in the turbot GI tract, as described above. Once the surrounding environment was exposed to various stressors such as alterations in temperature, oxygen concentration or various pollutants (Hansen & Olafsen, 1999) , Vibrio in turbot GI tract would be able to express the virulence genes by activating a series of cascade reactions and cause diseases in turbot. In addition, the three species of Vibrio in turbot GI tract, V. vulnificus, V. cholerae and V. parahaemolyticus, were also identified as potential human pathogens (Austin, 2006) . According to a previous study, the potential pathogens which were adapted to their primary host may damage the immune defense system of a secondary host and lead to diseases (Qu et al., 2008) . Thus, Vibrio infection may also be a risk in fish farm residents and workers.
As farmed fish species, both freshwater fish (HSB) gut and turbot GI microbiomes may be affected by human factors in aquaculture. Compared with other gut metagenomes, the stress response subsystem was over-represented in farmed fish gut/GI metagenomes (Fig. 5, Fig.  S5 ). About 39% of all assigned metagenomic contigs retrieved from farmed fish gut/GI metagenomes matched the proteins involved in oxidative stress response mechanism (Fig. 6b, Fig. S5 ). In aquaculture, hydrogen peroxide (H 2 O 2 ) has commonly been used against a number of external pathogens, including parasites, fungi and bacteria (Russo et al., 2007) . Hydrogen peroxide can be toxic to fish depending on the size of the fish, water temperature, concentration of the chemical, and time of exposure (Powell & Clark, 2004; Russo et al., 2007) . However, most microorganisms that communicate with, associate with, or colonize host animals are relatively well equipped with defense mechanisms to deal with oxidative stress (Park et al., 2004) . In the farmed fish gut/GI metagenomes, many sigma factor genes within the stress response subsystem were found to respond to the oxidative stress which may be explained by the fact that hydrogen peroxide was used in aquaculture for preventing fish diseases.
Study of the farmed fish gut metagenomes also revealed various antibiotic and heavy metal resistance mechanisms employed by the microbiomes (Fig. S7) . It is generally believed that the increased use of antibiotics leads to the emergence and spread of resistant bacteria and/or their resistant genes (Guardabassi et al., 2004; Tun et al., 2012) . In the turbot GI metagenome, multidrug resistance efflux pumps, fluoroquinolone resistance and cobaltzinc-cadmium resistance were the three largest categories of resistance to antibiotics and the toxic compound subsystem, suggesting that the turbot GI microbiome was affected by the use of antibiotics in aquaculture.
Antibiotic resistance was also detected from the GI microbiome of other farmed animals or pets (Powell & Clark, 2004; Hazen et al., 2010; Tun et al., 2012) . Additionally, copper tolerance was also identified in both farmed fish gut/GI metagenomes within the subsystem (Fig. S7 ). In the current study, pollutants such as heavy metals and polycyclic aromatic hydrocarbons (PAHs) in sediments were identified in fish farming (He et al., 2012) . Thus, the results may be explained by the existence of heavy metal pollutants in the rearing environment which may originate from industrial pollutions (He et al., 2012) .
The genes associated with protein folding were overrepresented in the turbot GI, cow rumen, and chicken cecum metagenomes as compared with human gut metagenome (Fig. S8) . In aquaculture, the diet fed to the adult turbot usually contained a high proportion of proteins for increasing the growth rate, which was in accordance with agricultural animal husbandry. This finding supported the study that animal breeding industry practices could impose significant selective pressures on the gut microbiota, regardless of gut type (Lamendella et al., 2011) .
Comparative metagenomics revealed that turbot GI metagenome harbored a greater abundance of genes within the iron acquisition and metabolism subsystem than freshwater fish (HSB) gut metagenome (Fig. S5A) . Iron, which is involved in cellular respiration, is one of the most abundant metals on Earth and is essential for life (Bury & Grosell, 2003b) . In farmed fish, there is the potential for nutritive metal acquisition from the associated water in addition to metal absorption from the diet (Bury et al., 2003) . However, the bioavailability of iron to unicellular organisms in seawater is far less than that in freshwater (Bury & Grosell, 2003a) . Thus, increasing the iron uptake may allow marine fish (such as turbot) to survive in an ecosystem that is low in iron. This finding is in accordance with the research on sea lion fecal metagenome, which suggests that a distinctive metabolic potential may be observed in the gut microbiome of the animals foraging in seawater (Lavery et al., 2012) .
Conclusions
This study was the first metagenomics analysis using Illumina-sequencing for farmed marine fish (adult turbot) GI microbiome and it revealed the taxonomic distribution and functional diversity of the turbot GI microbiome. Combined with 16S rRNA gene sequence analyses, the results show that turbot GI microbiome is dominated by Proteobacteria and Firmicutes phyla. At a finer phylogenetic resolution, Vibrio was the most abundant genus and mainly existed in rectum content of turbot GI tract. 16S rRNA gene sequence analyses also indicated that the turbot GI tract may harbor some bacteria which originated from associated seawater. Comparative metagenomics identified unique and/or overabundant functions within the turbot GI metagenome. Genes associated with quorum sensing and biofilm formation were overabundant in the turbot GI metagenome, most of them assigned to Vibrio genus. Other results suggest that fish farming may influence the functional capacity of the turbot GI microbiome using H 2 O 2 , antibiotics and diets with a high proportion of proteins. Additionally, iron acquisition and the metabolism subsystem were over-represented in turbot GI metagenome as compared with the freshwater fish gut metagenome, suggesting that a unique metabolic potential may be observed in marine animal GI microbiomes. This study provides a baseline for understanding the complexity of turbot GI microbial ecology and suggests that the farmed turbot GI microbiome may be affected by aquaculture.
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